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SUMMARY 

We report here experimental and analytical results from an ongoing 

program aimed at the development of visible chemical lasers.  This study 

has concentrated on the highly exothermic reactions of metal atoms with 

various oxidizers. 

During this period, we used intracavity dye laser measurements to 

establish the existence of absorption rather than gain on several bands 

in the BaO(A £-X 2) system. These measurements also verified the presence 

of large concentrations of Ba metastables in the flame and demonstrated 

for the first time the presence of large concentrations of Ba ions. These 

experiments will be continued. 

Additional measurements were made on Ba + NO in a heat-pipe-oven 

reactor. We found increasing evidence for the dominant effect of Ba 

concentration on BaO photon yields and concluded that previously formu- 

lated kinetic models do not adequately explain the results. 

Emission from the Ba + NO reaction in the presence of microwave and 

glow discharge electric fields was studied with a view towards the 

prospect of a hybrid discharge-chemical laser. Contrary to our expecta- 

tions, the BaO emission decreased when strong fields were applied. 

During this period, we initiated a shock tube study of premixed, 

pulsed reactions that was aimed at achieving high reaction rates without 

the deleterious effects of reactant quenching and vibrational relaxation. 

So far we have studied reactions of Ni(CO), with N20 and NF3 and of 

Sn(CH ) with N 0. No NiO emission was observed, and NiF emission is 

considered to be thermal in origin. We have observed moderate amounts 

of SnO(D-X) emission but none of the anticipated SnO(a-X) sy^'ems. These 

studies are continuing. 

111 
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We also analyzed the feasibility of achieving a visible chemical 

laser by atom association reactions in a shock tube expansion nozzle 

environment. We must confine our considerations to the few reactions 

for which sufficient data exist, but we predict very low gains at best 

for those cases. We conclude that this is not a promising approach, 

in accord with negative experimental results in other laboratories. 

IV 
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INTRODUCTION 

The objective of this research is to develop an electronic transi- 

tion (visible or near visible) chemical laser.  The premise of the work 

is that observation of visible chemiluminescence in flames indicates 

the existence of binary reactions, 

A + BC - AB + C 

-• AB + C  , 

which can lead to electronic excitation and subsequent radiation. We 

have sought exothermic reactions, primarily of metal atoms, that pro- 

duce sufficient excited-state populations, and, in fact, population 

inversion, of either molecules or atoms, to produce laser action. We 

have found several that do have high photon yields, but the existence 

of population inversions has yet to be established. In addition, the 

kinetic processes leading to radiation are not yet well understood, and 

the feasibility of scaling reaction rates to laser conditions has not 

been determined. 

During this reporting period, we have initiated three experimental 

programs and continued a fourth in search of understanding of these 

problems. These studies and their specific goals are: 

(1) Intracavity dye laser gain/absorption me?surements were made 

by a very sensitive technique in an attempt to establish 

whether gain or absorption exists on molecular transitions 

in Ba + ^0. 

(2) Heat-pipe-oven reactor studies of the Ba + N2O reaction were 

continued to study metal atom quenching and reaction kinetics. 

(3) Effects of electric fields on Ba + N20 flames were studied to 

examine the possibility of enhancing emission from flames in 

order to develop a hybrid electrical-chemical laser. 



(4)  Shock tube Studie. ,f premixed, pulsed reactions were 

initiated in an attempt to obtain high reaction rates per 

unit volume by using premixed, volatile reactants, and to 

overcome problems of reactant quenching and vibrational 

relaxation by making the reaction rapid. 

In addition to these experimental studies, we analyzed the 

feasibility of generating visible chemical laser action through atom 

association reactions.  This was probably the first scheme proposed 

for electronic-transition chemical lasers. We considered the conditions 

pertinent to shock tube/expansion nozzle environments. 



INTRACAVITY DYE LASER ABSORPTION/GAIN MEASUREMENTS 

The dye laser, spectroscopic, and analytical aspects 

of these experiments were carried out by Mr. James P. 

Reilly, Department of Chemistry, University of 

California at Berkeley; we express our appreciation 

to him. 

Background 

One approach to the development of new laser systems is to carry 

out sufficient kinetic studies so that the populations of upper and 

lower laser levels can be calculated and the existence of gain predicted. 

A less informative, but still useful, alternative is to make direct 

gain and/or absorption measurements at appropriate wavelengths for the 

candidate systems at a variety of conditions in the range considered 

optimum.  In the past, we have searched for gain in the Ba + N20 and 

Sm + NFo systems by resonant cavity spectroscopy, with no evidence for 

gain observed. During this period, we collaborated with Dr. M. Steinberg 

of the University of California at Santa Barbara, who repeated the 

measurements for Ba + N20. Again, there was no evidence of gain on BaO 
e 

transitions. There was some evidence for enhancement of the Ba 7120 A 

line [6p D0-5d D ], but the effect was not repeatable. 

In an attempt to obtain a more sensitive, and thus more definitive 

measurement of gain/absorption on candidate chemical laser reactions, we 
2  .. 

instituted a series of intracavity dye laser measurements.  This 

technique has been reported to be sensitive to absorptions as small as 

IG-4 to 10  per pass, and one might expect similar sensitivity to gain. 

Our measurements have thus far been confined to the Ba + N20 reaction and 

to wavelengths below 7400 A.  Thus, we have not yet checked the 

BaoU1!^^! " X1i:,v"=7] transition at 7900 Ä, which has been predicted 

,  3 
to have gain. 

3 



Experimental Technique 

The basic experimental layout is indicated in the following sketch 

t 
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Mirror  Flashlamp 
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Reaction 
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^  1 
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Heflector 

The dye laser was pumped by a linear flashlamp in an elliptical cavity, 

furnishing laser pulses of - 500 ns. The mirrors had 1-m concave 

radius of curvature, and were dielectric coated for total and for 95% 

reflection in the appropriate wavelength ranges. Wedged windows were 

used on both the dye cell and the reaction chamber to reduce etalon 

effects in the dye User output.  Spectra were recorded on a Jarrell-Ash. 

Model 78-460. 1-m spectrograph using Kodak high-speed infrared film. 

A 197-line/mm grating blazed for 3.7 ^ was used in 7th to 9th order, 

giving dispersions of 3.2 to 4.5 A/mm. 

in the absence of intracavity absorption/gain effects, the dye 

laser output consists of a fairly smooth intensity distribution over 

approximately a 200 A range. This broadband output was tuned by choice 

of dyes and by varying the dye concentration.  Intracavity absorptions 

reduce the intensity at the absorbing wavelength, and intracavity gain 

enhances the intensity, each in proportion to the strength of the effect. 

Thus, effects due to the flame are detected by scrutiny of the dye laser 

spectrum.  Since the laser has ample intensity to expose the film with 



• 

a single shot, a set of runs consists of a number of single laser shots, 

each taken at different flame conditions. 

The burner was developed by C. R. Jones and H. P. Broida and loaned 

to ut   by Professor Broida.  It consists of a 40 mm cp x 95 mm ceramic 

crucible containing Ba chips and heated by a cylindrical tube heater. 

Several layers of 60-mesh stainless steel screen were placed inside 

the crucible to provide a wick for increasing the evaporation surface 

area of the molten Ba.  The crucible temperature, measured by an optical 

o 
pyrometer, was typically 900 C. A transition section converts from 

cylindrical to a rectangular flame channel 0.8 cm x 10 cm. A tube 

extending into the crucible injects Ar carrier gas. The oxidizer is 

injected into the Ba + Ar flow from tubes attached to thi 10-cm edges 

of the transition section. The flame is confined by s-de plates to a 

1-cm-wide channel above the burner throat.  The reaction chamber was 

connected to a 75 i/sec  Rootes pump system through a throttling valve. 

Test pressures, controlled through a combination of Ar bleed gas rate 

and throttle valve setting, ranged from 0.5 to 15 torr. 

Results 

Our initial experiments were aimed at detecting absorption from 

low vibrational levels of BaO(X 1) state. This was first accomplished 

on the v" = 0 -• v'= 4 transition at 5350 A. We next detected absorp- 

tions on the v"= 1 -• v'= 2 and v"=  0 -♦ v'= 1 transitions at 5864 and 

5806 A, respectively. These spectra, shown in Figure 1 (a)-(c) also 

show numerous absorptions on Ba transitions and, more surprisingly, an 

+ +22 
apparent enhancement on a Ba transition, Ba (6p P^ -* 5d D3). The 

+   2 2       2 
lower level, Ba (5d D3), is the lowest metastable level of the ion and 

thus seems a poor candidate for a transition with gain. Such a 

possibility cannot be discounted entirely, however, since pulsed 

4 
discharges have produced such a laser.  When the run was repeated, 

the Ba transition appeared in absorption and the Ba(6p/ P -• 5d D ) 

5 
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SA-3190-77 

FIGURE  1       BROADBAND  DYE  LASER SPECTRA WITH 
INTRACAVITY Ba + N20  FLAME 



transition was enhanced. Again, the lower level is metastable. We do 

not believe these enhancements represent gain, and an alternative 

explanation is discussed below. 

A laser probe covering 600 to 620 nm revealed enhancement on the 

second branch of the Ba+ doublet. Ba+(6p2P_| - 5d
2D5/2). at 6142 A. in 

addition to enhancements on numerous Ba transitions ending in the meta- 

stable 5d3D levels and absorption on the v"= 1 - v'= 1 band of BaO 

[Figure 1 (d). (.)].  Later probes revealed enhancement on the 

Ba+(6p2P° - 6sV ) transition, where the lower level is the ground state 
2 ,-•„,•, t-ha  Ran v"= 5 -• V1" 1 transition 

of the ion. and very weak absorption on the BaO v  5 

at 7175 Ä. together with numerous atomic and ionic absorptions.  The 

observed molecular absorptions, the enhancements, and atomic and ionic 

absorptions detected are summarized in Tables I through III. respectively. 

Surprisingly, we did not detect the BaO v"= 4-^0 transition, although 

U falls in the same wavelength range as the v"= 5 - v'= 1 transition 

and has a larger Franck-Condon factor. This suggests that the 

BaOCX^) v"= 5 level may have a larger population than the v"= 4 level, 

in keeping with some of our earlier predictions. 

The intracavity absorption technique can be made quantitative by 

suitable calibration of intensity changes with known concentration of 

absorber, but our results are only qualitative, particularly in view 

cf the nonreproducibility of experimental conditions from day to day 

and even from shot to shot.  However, from past experience. Mr. Reilly 

estimates that the threshold for detection of absorption with his apparatus 

is about 5 x lO^/pass. and that the absorption in most of our cases is 

probably an order of magnitude stronger, or about 5 x 10 /pass. We 

have used the latter value, together with the appropriate transition 

probabilities for the absorptions observed, to calculate populations of 

the absorbing states. These calculations led to estimates^ about 

108 to 109/cm3 for the Ba and Ba+ states and about 10 /en.  for the 



Table I 

Molecular Absorptions Detected 
la Intracavity Dye Laser Experiments 

Band Het'd 

^Air  ^ 

BaO(X E) 
v" 

BalHA EJ 

v' Factor 

5349.7 0 4 0.16 

5864,5 1 2 0.13 

5805.2 0 1 0.043 

6039.6 1 1 0.13 

7T7^  9   (weak) 5 1 0.026 

Table II 

Atomic and Ionic States Giving Rise to Absorptions 
in Intracavity Dye Laser Experiments 

Specie   Absorbing States 

Ba 
3 

5d D 
1,2,3 

1 
5d D, 

Ba 

3 o 

2 
5d D. 

2 o 
TpP^ 

'Enhancements  listed  in Table  III  are also attributed 

to absorbing  states. 

8 



Table III 

Enhancements Detected 
in Intracavity Dye Laser Experiments 

x   (?)     Specie 

4554,04 

5853.68 

Ba II 

Ba II 

Lower State 
(E .cm-1) 

65 S,(0) 

5d P3(4873.85) 

Upper State 
(E .cm-1) 

6p2P°(21952.42) 
a 

6p2P3<21952.42) 

6141.72 

6019.47 

6063.12 

6110.78 

Ba II 

Ba I 

Ba I 

Ba I 

5dD„ ,„(5674.82) 
5/2 

5d D   (9033.99) 

5d D   (9215.52) 
2 

5d D   (9596.55) 
3 

6p2P3(21952.42) 

6p/  3P0(25642.16) 
o 

6p/  3P0(25704.14) 

Op'  3P0(25956. 55) 

5826.28 Ba I 5d D   (11395.38) 6p   1P0(28554.26) 



BaO v"= 0 and v"= 1 states. The latter estimate assumes a rotational 

distribution such that TL  of the molecules in a given vibrational level 

absorb on the strongest transition. The atomic populations are about 

what we would expect for the metastable Ba levels based on our past 

results from emission measurements.5 Likewise, the BaO v"= 0 and 1 

concentrations are within reasonable expectations. To our knowledge, 

this is the first direct evidence of Ba+ in these flames. The magnitude 

of the Ba+ concentrations is surprisingly large. 

The enhancements observed in our intracavity spectra must be 

interpreted with some care. While optimism would suggest that there 

was gain on these transitions, it is more likely that the enhancements 

result from anomalous dispersion effects in the flame. This refers to 

the fact that the index of refraction of an absorbing gas undergoes 

large excursions above and below the near unity value on the two wings 

of the transition. The strength of this index of refraction change 

increases with the strength of the absorption (or gain).  If there is a 

gradient in the absorbing species, the resulting index gradients will 

create a lens that can alter the dye laser beam so that the laser intensity 

is increased at those wavelengths. This effect has been observed 

previously by Shank and Klein6 and by Reilly,7 and was explained by 

Shank and Klein. Under sufficiently high resolution, the transition 

should then appear as enhancements in the wings of the line and absorption 

on line center, as was the case in some of our spectra. Figure 1 (c) shows 

such a double enhancement; a microdensitometer trace of that feature is 

shown in Figure 2. Apparently the appearance of the feature depends 

on its strength and on the spectral resolution. 

We conclude that the enhancements observed in our intracavity spectra 

are artifacts that reflect not gain but instead rather strong absorption 

on certain transitions. These absorptions are consistent with large 

populations of the metastable levels of Ba and Ba . 

10 
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FIGURE  2      MICRODENSITOMETER TRACE OF  ENHANCEMENT FEATURE ON 
5853.7 Ä Ba+  LINE IN INTRACAVITY ABSORPTION SPECTRUM 

11 



Conclusions 

Our intracavity dye laser absorption/gain measurements on the 

Ba + N 0 reaction, although limited so far, have been an informative 

supplement to emission spectroscopy studies.  The technique should be 

developed further so that it can be a routine diagnostic tool for 

visible chemical laser development.  The difficulties with its appli- 

cation are that:  fairly long path length flames with high reaction 

rates are needed to generate detectable absorption/gain; many candidate 

laser transitions fall outside the wavelength range easily accessible 

by dye lasers; and not all enhancements indicate gain on a transition. 

The technique has the virtues of being able to specify the presence of 

absorption or gain on many transitions and to identify the presence of 

many nonradiating states in atoms, ions, and molecules. 

Our measurements to date have shown that: 

(1) The BaOCA1! - X^) bands with v'= 1 and v"= 0 - 5 are either 

noninverted or have extremely small gain for our flame condi- 

tions . 

(2) Fairly large concentrations of metastable levels of Ba and Ba 

are present in the flame. 

(3) Enhancements in dye laser intensity appear on several transi 

tions ending on metastable Ba levels and on the ground level 

or on metastable levels of Ba+. We believe that these 

enhancements are artifacts due to anomalous dispersion by 

fairly large concentrations of the lower levels of those 

transitions. 

+ 

12 



HEAT-PIPE-OVEN REACTOR STUDIES OF Ba + t^O 

Background 
 ■  * 

Because several of our earlier studies indicated that BaO emission 

is strongly quenched by Ba atoms, we performed a series of measurements 

in a heat-pipe-oven reactor (HPOR) in an attempt to quantify this effect. 

The measurement technique and many experimental results were described in 

our last semiannual report.5 Those results included photon yields for 

both atomic (Ba ) and molecular (BaO ) emission as a function of metal 

density and total pressure.  They also included extensive analysis of the 

population distributions and photon yield distributions for the atomic 

Ba* emission.  During this period, we repeated the experiments over an 
* 

extended temperature range.  New results for BaO emission as a function 

of metal and total pressures are reported here. 

Experimental Technique 

Briefly, the HPOR provides a large region of uniform and essentially 

static Ba density.  The total pressure in the HPOR is set by adjusting the 

buffer gas (Ar) pressure outside the oven; in the oven, this pressure is 

the sum of Ba and Ar partial pressure.  In the pure heat-pipe mode, only 

Ba is present in the oven; in the mixed gas mode, both species are present. 

In the latter case, which was always the experimental situation, the Ba 

pressure was set by the externally imposed oven temperature, with Ar 

constituting the difference.  We thus presume to know the Ba concentration 

based on the vapor pressure curve for Ba and the oven temperature.  In 

fact, both the vapor pressure dependence and the oven temperature are 

somewhat uncertain.  In particular, we have reevaluated the oven tempera- 

ture measurements and have reassigned Ba densities for the data reported 

previously.  The original and revised Ba concentrations are as follows: 



-3 
N(Ba) ~ cm 

-3 
N(Ba) -- cm 

(reported previous ly) (revised) 

2.4 x 1013 2 x lo" 
13 

6.0 x 10 
14 

6 x 10 
14 

1.9 x 10 l x 1015 

14 
4.7 x 10 1.5 x 10lj 

The revised values are used here in reporting molecular photon yields.  A 

factor of two uncertainty still exists in the values of metal density. 

The oxidi5:er (NO) was introduced into the Ba zone through a quartz 

capillary, resulting in a spherical diffusion flame with Ba in excess.  By 

independent adjustment of oven temperature and Ar pressure, photon yield 

measurements were obtained as functions of [Ba] concentration and p    . 
to ta i 

Results 

Figure 3 shows the earlier molecular photon yields  together with the 

recent results.  The "flowing system results" are a composite of our own 

work and work from the laboratories of H. P. Broida (UCSB) and H. B. Palmer 

(Penn State) in which flowing jets of Ba and NO interact.  The marked 

reduction in molecular photon yield with [Ba] was already noted in the 

earlier data.  The surprising fact of the new results is that photon yields 

exceed those of the "flowing systems" at low pressures, by as much as a 

factor of two in some cases.  This emphasizes a problem inherent in making 

photon yield measurements at low pressure, namely, that all the minor 

species in the reaction may not be consumed within the field of view.  The 

larger region of uniform metal density in the present experiments should 

eliminate that problem, and probably accounts for the higher yields compared 

with flowing system results. 

These new results imply that, at best, the kinetic models that we and 

others have devised to fit the Ba + NO results (based entirely on the 

flowing system curve) have produced the wrong values of pertinent parameters 

and, at worst, that the kinetic models are totally wrong. The latter 

14 
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FIGURE 3      EFFECTS OF METAL ATOM CONCENTRATION 
ON Ba + N20 PHOTON YIELD 
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prospect seems more likely when we observe that metal density appears in 

Figure 3 to be a more important parameter than total pressure.  To elucidate 

this point. Figure 4 plots the photon yields as a function of ba concentra- 

tion at four values of jy  There is considerable scatter in both 

Figures 3 and 4, but the data are nearly collapsed into a straight line 

in the second plot.  The slope of the line corresponds to a [Ba] 

dependence, and variations about the line are less than approximately 60"/,. 

Conclusions 

The results of Figure 4 5 I r.tantiate the importance of metal atom 

concentration in determining the photon yield and suggest that it may, in 

fact, be the dominant variable for Ba + 1^0.  One could then explain some 

of the variations with pT in the flowing system results by suggesting that 

the metal concentration is tied to the total pressure in a unique way 

(e.g., through diffusion).  This suggestion is consistent with the observa- 

tion by Felder et al.8 that the photon yield for Ba + ^0 did not vary 

for argon pressures from 5 to 120 torr in their flow tube experiments. 

We are left to explain the [B«]"% dependence (pure metal atom quenching 

would be expected to give a [Ba]'1 dependence), and we note finally that 

extrapolation of the results of Figure 4 to [BaJ < 6 x 1013 could give 

photon yields well above 30%. 

We are still working toward a new kinetic model that explains these 

HP0R results.  Until that is achieved, we can only express considerable 

uncertainty about the mechanisms of chemiluminescence in this and other 

reactions. 
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EFFECTS OF ELECTRIC FIELDS ON Ba -f NO FLAMES 

Background 

We have postulated that chemiluminescence from metal atom plus 

oxidizcr reactions is a two-step process consisting of production of high 

vibrational levels, MX  , of the newly formed molecule, followed by 

intersystem transfer leading to radiating states, MX  + N ^ MX + N, in 

collisions with the background gas.  Collisions will also lead to vibra- 

tional relaxation, MX  + N -• MX + N, which reduces the photon yield and 

could fill the lower vibrational levels so that any population inversion 

would be destroyed.  If this premise is correct, one might expect that 

imposition of an electric field could enhance the photon yield, since 

heated electrons could cause efficient intersystem crossing without 

attendant vibrational relaxation (in fact, vibrational excitation might 

be more likely)   A second reason to hope for enhanced photon yields in 

flames with discharges is that the discharges will produce Ba metastable 

13 M 
atoms ( D and  D states), and reactions of Ba  might leed to direct 

* 
production of BaO with a higher efficiency than the reaction of ground 

state atoms.  Finally, we have observed very bright emissions from 

flames during transient "accidental" low-voltage discharges in our previous 

photon yield studies. 

To investigate these possible effects, we studied the emission from 

a Ba -f NO + Ar flame with applied microwave fields [industrial band 

(2.45 GHz) and X-band (9 GHz)J, dc fields ("predischarge") , and dc glow 

discharges. 

19 
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Experimental Technique 

The experimental apparatus and techniques for carrying out the 

measurements are the same as those described for our previous photon yield 

measurements.1  Briefly, the barium is vaporized in a high temperature 

oven and carried into the reaction region by argon.  Ba is the excess 

specie, with the N^ introduced into the center of the metal jet through 

a capillary tube.  The oxidizer is completely consumed in an approximately 

spherical diffusion flame centered on the capillary tip.  The light output 

is measured from 2000 X to the edge of the photomultiplier response at 

about 8600 X. 

Microwave Results 

The flame region was bathed in 2.45-GHz (industrial band) microwaves 

by mounting a microwave horn inside the vacuum system so that it faced 

the flame region from the side.  The power is estimated to be 10 W, spread 

out over a 4-inch circular region in the flame plane.  The microwave field 

causes the BaO bands to decrease in intensity, especially at longer wave- 

length.  Figure 5 shows this d*cr»&  e at a pressure of 1.3 torr.  The 

structured A^ emission and the A'1!! pseudo-continuum show the same amount 

of decrease in the various wavelength regions.  This decrease ranges Trom 

15% at 4500 A to 70% at 8000 X.  This decrease was unexpected, since the 

microwave field should increase interstate mixing without affecting the 

competing vibrational relaxation.  The shift toward shorter wavelengths 

indicates that lower vibrational levels of BaG^1!) are removed to a 

greater extent than the higher levels. 

These microwaves also produced nitrogen second positive emission 

(C3l\  - B3n)  When no metal or NO was present, we saw these same N2 bands, 
9 

along with OH bands; these both occur readily as impurities.  In addition, 

many argon lines appeared in the regions 3950 to 4500 X and 7380 to 8700 L 

Experiments with 2.45-GHz microwaves were terminated because several 

microwave cables melted in the vacuum, even with water cooling. Microwaves 

20 
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at approximately 9 GHz (X-bnnd) were then beamed into the flame region 

from an open-ended piece of ^ in. by 1 in. waveguide ending ^ in. from 

the side of the flame. These showed no effect on the flame, even with 

6 W of power. 

DC Glow Discharge Results 

An electric discharge was maintained in the flame region, using the 

oven for one electrode and a brass rod inserted axially (opposite the 

oven) to the end of the flame zone as the other electrode.  Discharges 

were run at approximately 350 V and 15 mA.  Typical results for the oven 

positive are shown in Figure 6.  Note that the runs shown are with and 

without oxidizer.  Runs without the discharge were similar to the bottom 

spectrum in Figure 5.  With the discharge present, no BaO emission was 

observed regardless of oxidizer concentration.  Rather, the emission con- 
-k if 

sisted mostly of Ba  and Ar  lines.  Again, both OH and N bands were 

present, including some N bands net seen before. 

Both polarities of discharge were tried.  With the oven negative, 

Ba  emission was enhanced.  The Ba  populations tended to follow a 

Boltzmann distribution with an electronic temperature of approximately 

3000OK.  A few states lie off this curve, but have large variation from 

run to run.  There was no significant difference in either the barium or 

argon lines when oxidizer was added.  With the oven positive, only a 

few barium lines were present.  In this case, the addition of NO caused 

both the barium and argon lines to enhance in the regions from 3850 to 

4500 A and above 6650 A, and to quench in the middle wavelengths. 

DC Predischarge Results 

When the voltage was decreased to about 200 V, the current dropped 

several orders of magnitude a 1 became very voltage sensitive.  The runs 

with and without this electric field showed only minor changes, as 

indicated in Figure 7 for a 200 V, 90 M-A case.  There was no change in 
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the BaO bands and only minor enhancement of the barium 5535 A line and 

of several of the argon lines between 7100 and 8600 X.  The N2 and OH 

impurity bands were again present when the voltage was on. 

Conclusions 

Since the results of these experiments were quite different from 

those we expected, we did not carry out extensive variations of the 

experimental parameters or make new diagnostic measurements.  The departure 

from normal emission correlates at least roughly with field strength, 

with weak fields enhancing a few atomic lines, medium fields reducing 

BaO  emission and exciting more atomic lines, and the strongest fields 

eliminating BaO altogether.  There are three possible causes for these 

effects: 

(1) Removal of NO as a reactant 

(2) Removal of Ba as a reactant 
±±       * 

(3) Quenching of BaO  and BaO  to prevent emission. 

Of these, removal of Ba by ionization seems most likely. However, the 

* 
presence of Ba  emission indicates that some atomic Ba is present to 

react.  Thus, this effect might be coupled with quenching of BaO .  In 

spite of our preconceived ideas, the fact that different vibrational 

levels of BaO disappear at different rates seems to indicate that the 

A' 
emission process of BaO  is being interrupted after the reaction of Ba 

M 
and N 0.  Alternatively, reaction of Ba metastables could produce more 

Ä 
energetic BaO  than reaction of Ba ground state (which would shift the 

emission to the blue as we observed), but the total reaction rate could 

be reduced by Ba ionization.  In any case, these results do not encourage 

the prospects for a hybrid chemical-discharge BaO laser. 
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SHOCK TUBE STUDIES 

Background 

Studies of reactions of metal atoms with oxidizers have always been 

troubled with two basic experimental problems.  The first is the difficulty 

of evaporating sufficient quantities of many metals of interest, and the 

second is mixing metal atoms and oxidizers rapidly enough to reach the 

reaction rates characteristic of laser threshold. During our flame 

experiments, quenching of molecular emission by the reactants also appeared 

as a serious problem. A fourth problem is that vibrational relaxation 

in the molecular ground-state manifold can fill the lower vibrational 

levels and destroy potential population inversions. 

The first problem might be alleviated by using volatile encapsulated 

metal compounds (carbonyls or alkyls) of low-volatility metals (an 
10 .    . 

approach we tried unsuccessfully earlier in flame studies,  where it 

appeared that gradual decomposition of the metal compound and partial 

oxidation of the fragments precluded achievement of free metal atoms). 

The problem of mixing can be avoided by premixing the reactants.  The 

problems of reactant quenching and vibrational relaxation might be 

alleviated by using rapid pulsed reactions, since the reactants will 

disappear as product molecules appear and since the reaction might be 

rapid on the time scale of vibrational relaxation. These experimental 

objectives may be achieved through the study of premixed, pulsed reactions 

of volatile metal compound plus oxidizer in a shock tube. The reaction 

is initiated in this case by the rapid heating produced by the incident 

shock wave. 

This approach is somewhat different from other shock tube chemical 

laser studies. Johnson and coworkers11 at Xonics are using the shock 

tube to vaporize metal particulates; the metal atoms are then mixed with 
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oxidizer downstream of a supersonic expansion nozzle.  Cool and coworkers 

at Cornell University use shock tube heating to vaporize and pressurize 

metal compounds; again the metal compounds are mixed with oxidizer down- 

stream of a supersonic expansion nozzle, and the reaction is then triggered 

with an e-beam discharge [T. Cool, private communicationj .  Problems with 

our present approach include stability and compatibility of reactants, 

kinetic interference from the fragments of the encapsulating metal compound, 

and the speed of the reaction relative to observation time and/or 

vibrational relaxation time. 

Experimental Technique 

Experiments are being carried out in a 5-cm I.D. stainless steel 

shock tube with a 4-m driven section and a 1-m driver.  Shock waves are 

initiated by spontaneous rupture of pre-scribed diaphragms by cold He or 

N  driver gas.  The test gases consist typically of 5% encapsulated metal 

in Ar and 5?„ oxidizer in Ar admitted to the shock tube simultaneously 

through a single orifice after passage through parallel flow meters and 

valves.  The initial test gas pressure is typically 5 to 8 torr; the shock 

tube is pumped to ~ 10 ' torr before filling.  Because of the toxicity of 

the carbonyls, the test section and gas handling system are in a separate, 

vented room, and filling is carried out remotely.  Shock speeds are measured 

by thin-film platinum heat gauges.  Frozen gas conditions behind the 

incident shock range from ~ 1000 to 3000 K and ~ 0.1 to 0.5 atmospheres; 

reflected shock temperatures ran^.e as high as 7000 K. 

The emission from each shock wave was monitored by a Princeton Applied 

Research optical multichannel analyzer (OMA) coupled to a Jarrell-Ash, 

Modal 82-410, \-m  spectrograph and by a Heath, Model EU-700, 0.35-m 

monochromator with an RCA 31034 phototube.  By gating of the OMA, broadband 

spectra at discrete time intervals were obtained; the monochromator gave 

time histories of emission at discrete wavelengths. By varying the grating 

in the J/A spectrograph, we could obtain spectral coverage of 175, 350, or 
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AOOO X in a single shot.  The detector is sensitive  rom 3000 to 6500 A. 

Gating of the OMA detector and storage of data in the OMA memory were 

triggered by the incident shock wave; »xposures ranged from 10 to 

100 M-sec. 

Results 

The first system examined was Ni(CO). + NO + Ar.  Our first con- 

sideration was the decomposition rate of the carbonyl.  We had previously 

estimated that the splitting off of the carbonyls would be sequential 

and that the last step would be rate limiting, with an estimated rate of 

10 cm /sec [Dr. S. W. BensonJ . For our conditions, this corresponds 

to a decomposition time of a few microseconds or less.  We attempted to 

measure this rate by observing density gradients behind the incident shock 

wave using the laser schlieren technique, but we could find no difference in 

the schlieren signal with and without Ni(CO). added to the Ar bath.  We 

concluded that the decomposition was complete less than 1 to 2 ^.sec 

behind the shock front. 

Emission behind the incident shock wave was dominated by atomic Ni 

lines at higher temperatures and by an unresolved continuum in the red 

and near IR that could be blackbody emission.  No clear evidence for 

molecular emission was obtained. Very strong Ni line emission was 

observed behind the reflected shock. This Ni radiation is probably 

thermally excited in all cases.  The NiO(A-X) bands are in the near IR, 

outside the sensitive range of the OMA, so it was difficult to determine 

the presence of this emission.  The monochromator detected emission 

throughout the appropriate spectral range, but there was no correlation 

of intensity with band head locations. The NiO(B-X) system in the visible 

did not appear; the Ni + NO reaction is exothermic enough to populate 

the NiO(A) state, but not the (B) state. 
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We next studied briefly the Ni(CO)4 + NF3 + Ar system.  In this case, 

the NiFCA-X) emission is in the visible, but the Ni + NF3 reaction is not 

exothermic enough to populate the NiF(A) state directly.  We did observe 

NiF(A-X) emission of moderate intensity on the OMA.  Calculations indicate 

that the emission is probably due to thermal excitation of NiF to the (A) 

state. 

The third system studied was Sn(CH3)4 + 1^0 + Ar.  The Sn + N^ 

reac-ion is exothermic enough to populate several SnO* excited states, 

each of which radiates in the visible. Furthermore, Sn + N^ has been 

found to have high photon yields and low quenching rates in flame studies 

[A. Fontijn, private communication].  Our emission measurements were 

confined to the incident shock region and covered the 1000 to 3000OK 

temperature range.  We do not see the Sn0(a-X,A-X) bands that we antici- 

pated, but only moderately weak SnO(D-X) emission (notation of Rosen or 

Suchard), and perhaps some SnO(C-X) bands, although these cannot be clearly 

separated from the (I^X) system.  The (D-X) emission increases with 

i   „ "5»000 cm i*X    aS thoußh the reaction pro- temperature approximately as e .as tnougn uue        K 

ducing the emission had a 5000 cm"1 activation energy or as though^the 

(D) state were being populated thermally from a reservoir 5000 cm  below 

the (D) state energy.  In fact, the SnO (B and C) states are - 5000 cm 

below the D state, but we do not see radiation from those states.  Fontijn 

(private communication) reports that the SnO(a) emission disappears^ 

SnO (C and D) emission appears in flames at temperatures above 1000 K. 

and attributes the change to thermal decomposition of ^0 and subsequent 

three-body recombination Sn + 0 + M - SnO (C and D) + M. This seems less 

likely in our case since No0 decomposition times are long compared with 
2 12 

observation times. That rate (for t^O in Ar) is: 

k = 8.3 x 10"10 exp(-58,000/RT) cm /sec  , 

which gives decomposition times from 20 ^sec to ~ 1 sec for the conditions 

of these experiments. 
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In an attempt to explain the paucity of radiation from the 

Sn(CH ). + N 0 system, we have plotted in Figure 8 several characteristic 
3 4   2 

times for decomposition, reaction, radiation, and vibrational relaxation 

as a function of temperature behind the incident shock wave.  The NO 

decomposition rate was listed above.  The Sn + NO reaction rate has been 

13 
measured by Felder and Fontijn.   The radiation rate is an estimate for 

3 14 
SnO(a 0) based on measurements in matrices.   The decomposition rate for 

Sn(CH,). is ai estimate based on unimolecular decomposition theory and 

assuming a 70 kcal/mole bond strength for splitting off the first methyl 

radical (calculation by Dr. D. M. Golden, SRIJ .  The vibrational relaxation 

rate for SnO (v =l-,v =0) is based on the correlation of Millikan and 

White,  and the value for high vibrational levels is arbitrarily chosen 

..s a factor of 10 faster (harmonic oscillator theory predicts that the 

cate is proportional to v, but anharmonicity reduces the dependence 

•omewhat). 

In contrast to the case for carbonyls, we now find that decomposition 

of the alkyl is probably quite slow and, in fact, may limit the availa- 

bility of Sn atoms for reaction below about 1500 C.  However, the 

o 
temperature range may be limited to less than ~ 2000 K by the fact that 

3 
the equilibrium for Sn0(a 11) ^ Sn + 0 is shifted almost totally toward 

atoms at 2000 K and above.  Thus, one might expect maximum SnO(a) emission 

at temperatures between 1500 and 2000 K, in contrast to our experimental 

observations. 

Conclusions 

The results obtained to date in premixed, pulsed shock tube chemi- 

luminescence studies must be regarded as disappointing, with much less 

molecular emission observed than we had hoped for. However, we will 

continue to study the Sn(CH„). + NO system in an attempt to understand 
3 4   2 

the processes taking place so that we might achieve operating conditions 

that will yield more promising results. 
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PROSPECTS FOR CHEMICALLY PUMPED ATOM ASSOCIATION LASERS 

Background 

The possibility of a molecular laser produced by the association of 

radicals: 

A + B + M-AB +M 

* 
AB - AB + hv 

16 .  ,.,. 
(where M is a third body) was first suggested by R. A, Young  in 19b^, 

based on his extensive experience with flowing afterglow photochemistry. 

16.3   i j i  J 
Young estimated that atom concentrations of P  10  /cm could lead to 

population inversions sufficient for lasing.  This approach was considered 

again in 1965 by Shuler, Carrington, and Light,  but from then until 

recently it received little attention, probably because of the di^"' -ulty 

of achieving the required atom concentrations in electrical discharge 

devices.  For about the last two years, atom association reactions have 

received renewed interest from people who were aware that a shock tube 

19  3 
can produce atom concentrations of 10  /cm or more in the reflected shock 

region.  Rapid expansion of this hot, high pressure, highly dissociated 

gas to lower densities and temperatures (say, T = 2000 K, p ~ 1 atm, 

N     ~ 1018/cm ) shifts the equilibrium back toward recombination and 
a toms 
might lead to realization of a chemically pumped atom association laser. 

18 
This shock-tunnel approach is currently under investigation in France 

and the USSR,19 and it is worth reevaluating the prospects for development 

of such a laser.  It should be noted that many of the e-beam lasers 

currently under development involve association of atoms [e.g., 

Xe + 0(1S) -»- M - XeO* + M] ,20 and so in some sense fall in this class. 

However, the pumping step in those systems critically involves electrons, 

and we exclude them from this discussion. 

The critical factor to add tc the evaluations of 11 and 12 years a<,o 

is the high rate of quenching of excited molecules by the atoms involved 
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in their formation [e.g., O^A*)  + 0 - (yxV) + 0) ,  which frequently 

is near gas kinetic.  These rates were net known at the time of the earlier 

studies.  Second, in the shock tunnel environment, the recombination rate 

is reduced by the high temperatures, and the branching rates for formation 

of excited states may be different from those at room temperature and rela- 

tively low pressure.  We will consider the following homonuclear diatomic 

cases that have been suggested as candidate reactions: 

Br + Br + M - Br^A tl  ) + M 

Cl + Cl + M - C12(AT10+) + M 

0 + 0 + M - 02(A ^) + 
M 

Analysis 

The full curaputation of the combined fluid dynamic and chemical 

kinetic properties of the sheck-heated gases ah they undergo rapid expan- 

sion is a lengthy and time-consuming process. However, we can use 

simplified procedures to estimate upper limits to the excited molecular 
o 

populations that might be achieved.  First, we assume T ~ 4000 K, 

p ~ 20 atm, and 50% dissociation as reasonable reflected shock conditions 

fN ~ 1 5 x 1019/cm3, M ~ 3 x 10  /cm J. Next we assume expansion to 
0      i 

Mach number -2.5 with frozen chemistry, so that T ~ 20GJ K, p ~ 1 atm, 

M ~ 3 x 1018, and N. ~ 1.5 x 1018/cm3J. This will surely give an upper 
o 

limit for the number of atoms available for three-body recombination 

(this estimate exceeds the critical atom density deduced by Young by two 

orders of magnitude). We now consider the recombination process without 

further gas dynamic effects. 

The rate of formation of excited molecules (neglecting colllsional 

re-dissociation of the newly formed molecules) is 

d(V      *   2 
dt 

= kR(NA) (M) -NM[A+kQ(NA)]  .        (1) 



and the rate of disappearance of atoms is 

d(NA) 2 

— =  -2k  (NJ (M)   , (2) 
dt        RT  A' 

where (N ). (N *), and (M) are the concentrations of atoms, excited 

molecules, and^ird bodies, respectively; kR* and kRT are the three-body 

recombination rates for excited molecules and all molecules, respectively; 

A is the radiative rate of excited molecules; and kQ is the rate of 

quenching of excited molecules by atoms.  Equation (2) cm be solved 

explicitly for the time history of atoms, and this function can then be 

inserted in equation (1).  A simpler approach is to divide (1) by (2). 

If we define the parameters 

y - N;f/NA   . x = 1 - NA/N A A 
o 

B = k */2k   ,    C = k /2k  (M) .    D = A/2kR (M) (^ ) 
R   RT ^   T To 

where N  is the initial concentration of atoms, we obtain 
A 
o 

[^+^l dx    !i-  (1.x)' 

Unfortunately, this still does not admit a simple closed form solution. 

However, two approximate solutions can be obtained. The first follows fr 

graphical considerations of equation (3) and leads to 

y     * 
max 

B
(I + C/(C + D) 

—^— for C » D  . (4) 
1 +C 
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Since B is the value that would be achieved in the absence of atom quench- 

ing, we see that the vield is reduced by the ratio 1 + k /2k^ • M.  The 

approximation holds, since we will find C » D for all the cases we 

consider.  The second approximation solution follows directly from 

2 
equation (3) by neglecting the term D/(l-x) .  Then 

C-l 

(5) ymax  C - 1 He/     C ' 

For C » 1, which is the case in our examples, 

Y   ~ 7  . (6) max  C 

and we see that (6) and (4) essentially agree.  Thus, we find that the 

largest excited molecule concentration that can be achieved is 

(
N
M*)   ^ (

N
A >Wkp*/kn ' (7) 

M max    A     R  Q 
o 

* 
This maximum N  population occurs quite early in the recombination 

M       1 2     3 
process; in fact, x ~-  at the maximum.  Since C ~ 10  to 10 , very 

few atoms have re combined at the timi' of the maximum. 

Results 

We can use equation (7) and the shock tunnel parameters given above 

to estimate maximum gains for association of Br, Cl, and 0.  The pertinent 
* 

parameters and results are listed in Table IV.  In this table, $ = k /k , 
R    Rrp 

and the gain is calculated from the approximate formula 

, 2 A / // 
\  v v 

G = ~ —  AN  . (8) 8n Av 
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We assume A / ^ ~ ^ A (i.e., largest Franck-Condon factor ~ ^), a line- 
V ' -3   * -3 

width Av ~ 1010 Hz, and AN ~ 10 " (Nw )   , where the 10  accounts for 
M max 

vibrational and rotational distribution factors. 

The assumptions made in calculating the gains of Table IV must be 

regarded as optimistic for three reasons: 

(1) The recombination is assumed to start instantaneously with 

the maximum number of atoms. 

(2) The lower state of the transition is assumed to be empty. 

(3) The yielis into excited states are assumed to be independent 

of temperature. 

The last assumption is particularly questionable, since the excited 

molecular states considered have dissociation energies of ~ 2000 to 

~ 6000 cm . Therefore, the equilibrium for these states will be shifted 

o 
almost totally toward dissociation at T ~ 2000 K. 

In spite of the favorable assumptions, the gains shown in Table IV 

are exceedingly small.  This is due in large part to the deleterious 

effects of quenching by atoms, which reduces the yield of excited molecular 

states by factors of 30 to 2000.  In addition, the transitions listed are 

all forbidden, and the low transition probabilities contribute to the 

small gains. Of course, parameters such as pressure, temperature, and 

mixture can be varied in t • shock tunnel, but it is not expected that 

the results will be significantly different from those shown.  These 

predictions are fully consistent with the experimental failure to observe 

gain in these systems in other laboratories. 

In the case of 0 , the quenching reaction 

O2(AV) + O(
3
P) - o2 + O^S) 

21        1 
leads to excited atoms with an estimated 50% efficiency.   Since 0( S) 

* 20 
is the precursor to the XeO laser in e-beam pumped systems,  we can 

* 
consider the possibility of a gas dynamic XeO laser.  The sequence of 

reactions is 
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k * R 
0 + 0 + M - 0* + M 

2 

* kQ  1 o + o2 - o( s) + o2 

i ^     i 
0 + 0( S) - 20( D) 

1 * 
0( S) + Xe + M «* XeO + M 

* 
XeO  - XeO + hv 

1       3 
where we must now consider the additional quenching of 0( S) by 0( P) . 

Neglecting the interactions with Xe for a moment, we find that 

k 
1 0    * 

[o( s)]       ^ rv (Oo ) max    k    2 max 
Q 

-12     / -11  3    21 * 
For k ^ 10   and k  ~ 10   cm /sec,  and for the value of (0,, ) 

0 0 2 max 
1 13  3 

from Table IV, we find [0( S)]   < 10 /cm . Now the recombination with 
max 

1        * Xe is very rapid, so that 0( S) and XeO may be considered to be in 
22 * -1 

equilibrium.   However, the XeO bond strength is very weak (~ 450 cm ), 

so that we can estimate XeO /0 ^ 5 x lo" at T = 2000OK. Thus 
* 9  3 -7  3 

(XeO )   ~ 5 x 10 /cm and G ~ 10  /cm even though the transition in 
22 

this case is fully allowed, with A ^ 4 x 10 /sec. 

It is apparent from the above discussion that the high temperatures 

existing even in the expansion nozzle are detrimental to recombinations 

into excited states. We can consider expanding the gas to lower tempera- 

tures and pressures, but if we reduce the temperature by another factor 

of five (say, T ~ 400 K), the density is reduced by a factor of 60, and 

since molecular formation is proportional to the square of density, the 

trade-off is not entirely favorable. 
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Conclusions 

We find that there are two serious handicaps to achievement of atom 

association lasers in the shock-tunnel environment. The first is that, 

for the systems studied, the combining atoms quench the newly formed 

excited molecules with near gas kinetic efficiency. The second is that 

the high temperatures of the medium reduce the recombination rate and, 

in fact, may shift the equilibrium toward total dissociation for the 

weakly bound excited molecules. 
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CONCLUSIONS 

Our experimental efforts during this period have consisted of two 

"diagnostic" studies, both involving the Ba + N2O reaction, and two 

studies that consider new approaches to making visible chemical lasers. 

In addition, we have analyzed the feasibility of a third approach to 

chemical lasers.  In each study, the results are somewhat discouraging. 

The new laser approaches do not appear promising, at least from results 

obtained to date, and the diagnostic studies challenge our understanding 

of the reaction mechanisms leading to chemiluminescence.  There is still 

a great deal of work to be done before those mechanisms are unravelled. 

In the meantime, achievement of a visible chemical laser will be fortuitous. 
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